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Involvem=nt of Kecom pination in X-ray mutagenesis of human cells.

S.A. Amundson', F. Xia? and H L. Liber?
ILife Sciences Division LS-1, Los Alamos National Laboratories, Los Alamos, NM, USA.
2Harvard School of Public Health, Boston, MA, USA

ABSTRACT: Closely related human lymphoblastoid cell lines derived from WI-L2 differ
greatly in their responses to <-irradiation. Compared with TK6 (ATCC CRL 8015), W1-L2-NS
(ATCC CRL 8155) has an enhanced X-ray survival. The induction of mutation bv X-rays is also
markedly different. The hemizygous Aprt locus is slightly more mutable in WI-L2-NS than in
TK6, and the dose response fits best to a linear-quadratic curve rather than the linear fit of TK6.
X-ray induced mutation at the autosomal ¢k locus in heteroxygotes derived from WI-L2-NS is
20-50 fold higher than in heterozygotes derived from TK6. A larger proportion of WI-L2-NS
mutants had lost heterozygosity compared with mutants of TK6. Fluoiescence in situ
hybridization indicated thai loss of heterozygosity was due almost uniformly to deletion of an
allele in mutants of TK6, and to recombination or gene conversion in mutants of WI-L2-NS§.
These results indicate that recombinational repair contributes to both cell survival and mutation
following exposure to ionizing radiation.

1. INTRODUCTION

The importance of DNA repair for cell survival and mutation has been studied through
the use of many difterent cell lines with different capacities for repair. For example, the xryS and
xrs6 mutants of CHO-K1 cells, which are deficient in double strand break (dsb) repair (Kemp ef
al_, 1984), are more sensitive to killing by X-irradiation, show a slight increase in mutation at the
hprt locus (Darroudi and Natarajan, 1989), and a 3-4 fold increase in mutation at the & locus
(Mussa er al., 1990). Several of the xry mutants also have been tested for their ability to carry
out homologous recombination of plasmids.  Xrsl and xrs7 were not found to be deficient in
homologous recombination. but showed impairment of integration of plasmid DNA into the
genome (Hamilton and Thacker, 1987)  X7rsS was also shown to be proficient in recombination
of plasmids (Moore ef al., 1986). Radiation sensitive mutants of mouse 1.5178Y cells difter in
their mutability. The M10 line is about 4 times more mutable at Apre than the parent line (Shiomi
cl al., 1981), while LST178Y-S (1.Y-5) cells were about three-fold less mutable by X-rays and
cthyl methanesulfonate (EMS) at the Aprt locus than were the parent LS178Y-R (1.Y-R) (Evans
cf al, 1985). Induction of k- mutants, however, was similar or greater in tk heterozygotes
derived from LY-S than in heterozygotes derived from 1Y-R (Evans ¢f af | 1980) The 1.Y-S
phenotype has been attributed to a defect in topeisomerase 1 activity (Evans of al | 1989)

Sunilar studies in human cells have been done in lines derived from patients with cancer
prone  syndiomes  Defects in DNA repan have been associated  with many  of the
complementation groups of these diseases  Cell lines from patients with ataxia telangicctasia
(A1) were found 1o Le two to three fold more sensitive to gamma ray induced killing (Taylor, ef
al | 1975)  In compatison to TK6 lymphoblasts, AT lymphoblasts were about two times more
sensitive to killing by gamma rays but equally mutable at prr (Tatsumi and Takebe, 108:1)

Wihale in some of these systems a decrease i survival following irradiation occurs along
with a decrease in recoverabie mutants at one or more loci, in others mutation s the siame o
shehtly inereased It seems hikely that the vanous cell lines studicd are deficient i difterent
components of a complex LNA repan system er systems

Mutagenic response also difters between loci and among, different cell systems The
dullerence between mutation at hemizygous and heterozypous loc has been explorad i mouse
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lymphoma cells, where hemizygous hprt was found to be 100 fold less mutable than
heterozygous tk (Evans ¢t al., 1986). The same loci in human lymphoblastoid cells were found
to differ by only about 6 fold (L.iber ef al,, 1989). When the selectable target gene was on a
single human chromosome in a human-hamster cell hybrid, very high mutant fractions were
observed (Waldrer ¢r al., 1979, 1986). Such results led to the assumption that the observed
mutant fraction could be influenced by the dezgree to which the surrounding genetic material was
nonessential. It followed that heterozygous essential gencs may also affect the number of
mutants recovered from linked heterozygous targets, and we have demonstrated a 10 fold
difference between X-ray mutability of the two alleles of the 7k locus in a human cell line
(Amundson and Liber, 1991). This difference was due to a lack of large scale loss of
heterozygosity events recovered from one of the alleles. We have since extended this work to
syngeneic tk hetcrozygotes with decrcased radiation cytotoxicity and increased mutability
(Amundson ef al., 1993) and now offer a possible mechanism to explain the effects observed.

2. MATERIALS AND METHODS
Cell lines WI-L2 was isolated from a human spleen by Levy ef af (1968) This nonclonal isolate was
widely distributed and has since passed through a number of laboratories WI-L2-NS (ATCC CRL. 8155)
is a subclonc of WI-1.2 deposited at the ATCC by T A Coons. A different unselected clone, HEM, was
used to derive the TK6 cell line (Skopek er al., 1978) (Sce figure 1), A Sacl polvmorphism distinguishes
HUMAN LYMPHOBLAST LINEAGE the two alleles of the th gene 0 WI-L2-NS and TKo
cells (Yandell ¢r o/, 1986). TK6 was designated as
tk o - referring to the 14 8/8 4 alleles, and heterozygotes
Wi-L2 with the other allele active were refeired to as ke
/ \ ? Two tk heterozyvgotes (WTK-1, a rk+ - line and WTK-
? HH4 B, a k- line) denived fiom WI-L2-NS cells were
\ obtained from M B Benjamun (Benpamin ¢r af | 1991),
Cells were matntained as exponentially: growing
N cultures in RPMI 1640 medium supplemented with 107
WI-L2-NS TK6 horse serum (heat treated for 2 hours at S60C)  ‘The
cultures were incubated at 379C in 5% COQ and 100%,
I l hunidity and maintamed at densitics of 112 x 1098
cells/ml,
/- /- FIGURE 1  Relationships between the cell lines used in
/ \ / \ these studies. WI-L2-NS and HH4 arce removed from the
original WI-1.2 isolate by an unspecified number of
tk4/- th-/+ th4/- tk-/+ cloning steps which did not involve selection or mutapenic
WTKA1 WTKB R9 R6 treatment,

Mutagen treatment  CHAT  (deossvevtidine,
hvpoxanthine, anunopterm, and thvmidine) treated cultwres were ticated with mutapens as previoushy
reported (Anumdson and Liber, 1991)  Irradiations: were petformed wath a0 Phalips MG-102 X-rany
penerdor operating at 9 6 mA with | mm Al added filtration The dose-rate to the cells was determimed to
be approximately 76 cGy/mun usmg a Victoreen somzation chamber and thermolunimeseent dosimetin
Doses to the cultures ranged from 0-600 ¢Gy - Cultires were plated for survival and mutation fraction
using, standard protocols, and mutant fractions were caleulated usmp, the method of Futth er al (1981)
Mutant annlysis Genomie DNAs were dipested with Sstl following: the recommendations of the supphier
(Bethesda Rescarch Laboratonies), clecttophoresed through 0 8% apanose and tansfened to avlon usig
standard bloting, techmigques (Mantatis efal | 1987) Flvbudizanion was carned ont following, the protecol
of Glaser efal (1986) D1 P Demmper (Umversity: Medical Center, New Orleans, T A USA) provided
prKLL the probe for the TR Jocus (Bradshaw and Demmper, 1980 FISTE was carned out on
interphase colls usimp, madifications of the protocol of e D Waad (Lichter ez al | 1T988) and the probe
pHTRB, provided by D L (VA Medical Center, San Franerawo, CACTISA)
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3. RESULTS

T T T T T 7 FIGURE 2 X-ray survival of cell lines derived
100 fe from TK6 and of lines derived from WI-L2-NS.
. Each point is the average of 7-16 cxperiments
AR e with TKG6 lincs and 3-13 experiments with WI-L2-
S . i NS lines. Error bars are standard error of the

§ P mean.
E WH2-NS WI-L2-NS and the cell lines derived
t § from it, WTK-1 and WTK-B, exhibited the
0.01 " ? same dose-response curve for X-ray survival,
but this response differed significantly from

» TKe that of TK6 (figure 2). This difference was

SURVIVING FRACTION
-

0.001 o due in part to a more pronounced shoulder
- ‘ e : on the WI-L2-NS survival curve than was
0 100 200 300 400 500

observed for TK6  The slopes of the dose
response lines also differed for the two cell
lineages. The Dqs were calculated to be 67 c¢Gy for TK6 and 93 cGy for the WI-L2-NS lines.
WI-L2-NS, WTK-1, and WTK-B exhibited the same dose-response for X-ray-induced
hprt mutants (pooled t-test, p=>0.9). However, this response differed significantly and
reproducible from that of TKo derived cell hines (p-°0.001) Moreover, the X-ray indu tion of
hprt mutants in the WI-1.2 derived lines followed a ,
lincar quadratic curve, as opposed to TK6 and its l
derivative cell lines, which fit very well to a straight so!
line (Figure 3). t

X-RAY DOSE (cGy)

i v .

l

o
Wi-L2-NS i |
L

|

WTK-1 and WTK-B did not appcar to be @ ¥
unusually sensitive to mutation at Aprt induced by "
ICR-191 (p>0.9) or EMS (p0.7), when compared to % l ¢
TK6 (data not shown).  The lack of differential § 2
response of WI-1.2-NS lines to point mutagens - . ™e |
suggested that the observed increase in X-ray- 10 M .
mduced mutants was likely due to an increased -
induction of large scale events above the frequency °f ¢ ‘ ‘ . oo
0 50 100 150 200

recovered  from TKoO  cells surviving  the  same
freatment

FIGURE 3 X-ray dose response for Aprt mutation in ccll lines derived from WLL2-NS (WTK-1 and
WTK-B) and from TKo6 (HR3, R6, R7, RY, HR18). Each point is the average of 11-37 (TK6 derived lines)
or 9-29 (WI-L1-NS derived lines) experiments.  Background mutant fractiony were 2-5 x 10°0 §n all ool
lines, Ereror bars are standarvd ervor of the mean,

The background mutant fractions & the 4 locus were about 130 x 10-0 fin WTK-1 and
10 x 1006 for WTK-B (figure 4)  Following exposure to X-ays, WIK- 1 (rh+ -) yickded
approximately three fold more &~ mutants than did WTK-B (- ) (see figare ) This
difference was highly significant (p- 0 005)  The ki - heterozygotes derived from TKo
previously were shown to be 6-10 fold more mutable than the TKo - denved A-/1 heterozypotes
(Amundson and Fiber, 1991)  The matability of the two tk alleles i the WET 2 denived
hetetozypotes was therofore qualitatively similian to that seen in TKo heterozypotes, but of a
smaller magnitude  The overall tesp se of WEE 2 (ko was 20 fold higher than that ot the
same allele i TKo, and for the (ko heterozygotes, S0 fold hipher  The chemical point
mutagens EFMS and 1CR19OT did not produce a signtticant elevation aver the backpronnd of

X-RAY DOSE (Gy)



spontaneous tk muiants (data not shown). When the background mutant fractions were
subtracted, the induced mutant fractions were not significantly different from those in TK6
(EMS, p>0.2; ICR-191, p>0.9).

WI-L2-NS, WTK-1, WTK-B, and TK6 had no differences in the pattern of
heterozygous alleles of five chromosome 17 long arm markers (D17821, D17S4, D17S77,
D17524, and TK1). Since the 14.8/8 4 TK1 polymorphism was a fortuitous restriction fragment
length variation not known to exist elsewhere in the human population (Yandell e7 al., 1986), its
presence in WI-L2-NS reconfirmed the direct relationship of this cell line to TK6.

- T T r Southern blot analysis of Tk mutants from
2000/ 1 TK6 and WI-L2 derived lines was used to
- 4 determine the extent of loss of
1600} WIL+- heterozygosity.  In TK6, 46/81 mutants

from tk+/- lines, and 20/46 mutants from
tk-/+ lines had lost heterozygosity at the tk
1200} 1 locus (Amundson and Liber. 1992)
| 4 Among  muants  from  WI-L.2-NS
| heterozygotes, 53/53 from tk+/- lines and
L WILH 53/53 ﬁ'mln th-/+  lines  had | lqst
heterozygosity at tk. Fluorescence 1 situy

TK MF x 106
[+
;

400 -1 hybridization of interphase nuclei showed
- J | that 23/23 X-ray induced LOH mutants of

0 / NN "ﬁ:/'f) TK+/- TKoO retained only one copy of the tk
L ) T gene, while 8/8 mutants of WI-1.2-NS

0 50 100 150 200 heterozygotes had lost heterozygosity, but

X-RAY DOSE (cGy) rewained two copies of the tk gene

FIGURE 4 X-ray dose response for mutation at

at the 1k locus in tk heterozypotes derived from WI-L2-NS and from TK6. Each point is the average of
18 (VK6 derived th+/2), 10 (TK6 derived rk-/4), 3 (WI-L2-NS derived th+/4), or 3-6 {(WI-1.2-NS derived
tk-/+) experiments, Error bars are standavd error of the mean for all experiments. Backpround
mutant fractions were approximately 4 x 1070, 1% 10°%, 130 x 1070, and 30 x 1070 for TK6 devived ki,
TK6 derived th-/+, WI-L2-NS devived rh+/4, and W1-L2-NS derived -7+ respectively.,

4. DISCUSSION

In studies of thk heterozygotes detived from TKO we found that one allele (7 -) was 6-
10 fold more mutable by X-rays than the other (74- 1) The difference i muatability of these two
alleles could be explained by a lack of appearance of a specific class of & mutants, the slow
growth mutants (Amundson and Laber, 1991)  Slow growth mutants previously had been
assoc ated with loss of hetevozvgosity (1O RELP analysis of mutants from k- and 74
Leterozygotzs revealed more LOH at the 7k Tocus ir mutants of 7k - lines than in those o rk-
lines  Fven among mutants which had lost heterozygosity at TK1T, T OH was of a preater extent
i mutants of 7a - lines FISH analysis has mdicated that the majority of Xeray induced T OH n
TKO occurred via deletion, as all mutants examined retained only one copy of the 7k sequence
Densitometaoe studies ol k- mutants of TKO have mphicated recombination in spontancous
mutation, but not X-ray-induced mutation (L eral | 199)

We previously sugpested a model imvolving a heterozvpous growth locus ("G") 1o
explam the yields of TK-SG and TK-NG mutants tecovered from the two alleles of TKo
(Amundson and Labei, 1992) 0 OF the mutants analyzed, all X oray-indoced TKO mutants which
had lost heterozyposity haa done so due to deletion of the active allele, sugpesting that deletion
wats the major mechatsm tor TOH, as predicted by this model



While deletions presumably occur in WI-L2-NS derived heterozygctes also, another
mechanism is evidently producing a far greater yield of mutants in these lines. We have
suggested that this increased mutational yield may be due to a recombinational mechanism active
in these cells.  In WI-L2-NS derived heterozygotes, the tk+ - lines were only about 3 fold more
mutable than the rk- 1+, but each allele was 25-50 fold n.ore mutable than the corresponding
allele in TK6 derived heterozygotes. The yield of late-appearing mutants following 150 ¢Gy X-
rays was 81% from WTK-1 and 76% from WTK-B, approximately that seen from TK6 Al
early mutants analyzed had normal doubling times (TK-NG). However, only about 90% of the
late mutants had longer than normal doubling times (TK-SG). Furthermore, afier several weeks
in culture about half these mutants grew with normal doubling t'mes. This is similar to the
behavior of the o (small) colony tk-/- mutants of L5178Y mouse lymphoma cells. After five
days in culture, 17-83% of the o colony mutants had regained normal growth rates. This was
attributed to spontancously arising variants with normal doubling times (Moore er ¢/, 1985)
Such a mechanism could explain the transiently slowly-growing mutants observed in WTK-1 and
WTK-B, or these mutants could result from the genomic instability that reportedly aft=cts cell
division for many generations after X-irradiation (Chang and Little, 1992) If some cells die at
each division, this would be observed as a slowing of growth in the culture  If the effect were
transient in nature, such a clone could regain a normal growth rate. Currently, it seems that
about 40% of the rk- mutants from either allele of the WI-1.2-NS§ lines may be true slow growth
mutants. The late-appearing mutants in WTK lines do not share all the characteristics of those in
the TK6-derived lines, and so may arise via an unrelated mechanism

Every mutant analyzed from WTK-1 or WTK-B had lost heterozygosity at the 7k locus,
but retained two copies of the gene as evidenced by FISH analysis  This, and evidence from a
plasmid based recombination assay (manuscnipt in preparation) strongly suggests that differential
capacities for recombination may explan the increased survival and mutation observed in cell
lines derived from WI-L2-NS_ The two alleles are still differentially mutable i the WI-L2-NS
derived lines, but this difference cannot be explained by recovery of late mutants  This may
suggest that there are limitations on the extent of recombinational events which can be recovered
from the two homologous chroniosemes  These restrictions would appear to be different from
those controling deletions in the same system

Many factors influence the mutant fraction which can be recovered at a particular target
locus Broad differences between hemizygous and heterozygous loci have been well recognized
i the past, as well as differences between cell lines denved from different species Cell Tines
with repanr defects have been shown 1o have different mutabilities from "normal” cell hnes . We
have demonstrated differential mutability of the two alleles of the autosomal thymidine kinase
locus, and suggested it may be explained by the presence of imked heterozygous essential genes
We have also suggested that recombination may be responsible for the increased muation at 4
i more tadioresistant related cell hues  As TOH is now held to be an important event in the
progression of many cancers, issues involving heterozygous essential genes and recombinational
mechanisms - should  be considered in the interpretation of mutation studies and  then
extrapolation to human risk estimates A better understanding, of these systems will alo aid in
the clucidation of the mechanisms which produce mutations relevant to human disease
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